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Abstract
Free-space quantum key distribution is gaining increasing interest as a leading platform
for long range quantum communication. However, the sensitivity of quantum correlations
to scattering induced by turbulent atmospheric links limits the performance of such sys-
tems. Recently, methods for compensating the scattering of entangled photons have been
demonstrated, allowing for real-time optimization of their quantum correlations. In this
Letter, we demonstrate the use of wavefront shaping for compensating the scattering of
non-collinear and non-degenerate entangled photons. These results demonstrate the ap-
plicability of wavefront shaping schemes for protocols utilizing the large bandwidth and
emission angle of the entangled photons.
In recent years, quantum technologies are starting to make the transition to commercial, real-
world, applications. One of the most promising applications is quantum key distribution (QKD),
where photonic quantum bits (qubits) are typically used for secure sharing of a secret key be-
tween two parties[1]. The key distribution is usually performed using single mode fiber links[2],
or more recently, free-space links, for example between a ground station and a satellite[3, 4].
Free-space QKD is in particular attractive, as free-space links exhibit lower loss than optical
fibers, enabling communication over large distances. Nevertheless, implementation of free-
space links in real-world scenarios is challenging, especially in the presence of turbulence in
the atmosphere, which results in the scattering of the photons[3, 5].
A promising approach to compensate the scattering of single and entangled photons is to
borrow concepts from the well-established fields of adaptive optics[6] and wavefront shaping[7,
8], and apply them to quantum links. To this end, methods for shaping the wavefront of single
and entangled photons using spatial light modulators (SLMs) have been demonstrated, either
by controlling the photons directly[9–11], or tailoring the classical pump beam that stimulates
their creation via spontaneous parametric down conversion (SPDC)[12–14]. Recently, a pump-
shaping method in which the intensity of the classical pump beam is used as feedback for
compensating the scattering of entangled photons has been demonstrated, allowing for real-
time optimization of entangled photons[14]. However, this demonstration was realized only in
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a collinear and frequency-degenerate configuration of SPDC, which limits the range of possible
applications. Generalizing pump-shaping to non-degenerate and non-collinear configurations,
requires special care, as non-degenerate photons accumulate different phases in the random
medium, and non-collinear photons do not propagate in the same direction as the pump beam.
In this Letter, we demonstrate the use of pump-shaping in non-collinear and non-degenerate
configurations of SPDC. For non-collinear SPDC, we show that the intensity of the pump beam
can still be used as feedback for optimizing the quantum correlations, as long as the emis-
sion angle of the SPDC light is within the memory effect, or equivalently, isoplanatic patch
of the scattering medium[15, 16]. We experimentally demonstrate this result by optimizing
the correlations between entangled photons generated via non-collinear SPDC and scattered by
a thin diffuser. For non-degenerate SPDC, we show that even though the wavelengths of the
two entangled photons are different, energy conservation ensures the surprising correspondence
between the intensity of the pump beam and the quantum correlations between the entangled
photons, allowing the use of the pump-shaping method[14]. We experimentally demonstrate
optimization of entangled photons separated by nearly 100nm. We believe these results will
increase the range of applications that can benefit from quantum wavefront shaping, for exam-
ple, in protocols utilizing the large number of spectral[17] and spatial modes[18] of SPDC for
multiplexing quantum information.
We begin by establishing the correspondence between the scattering of the classical pump
beam and the entangled photons, coined signal and idler photons. We generalize the derivation
in Ref.[14] for the cases of non-collinear and non-degenerate entangled photons. Generally, the
quantum state of the entangled photons is given by
|ψ〉 = ∫ dqsdqidωsdωiψ(qs,qi, ωs, ωi)a†(qs, ωs)a†(qi, ωi)|0〉 where a†(q, ω) is the creation
operator of a photon with a transverse wavevector q and frequency ω, |0〉 is the vacuum state,
and we assume the signal and idler photons have the same polarization[19]. For a thin crystal
pumped with a monochromatic beam with frequency ωp, one can neglect the effect of phase
matching and write the two photon amplitude as[19, 20]
ψ(qs,qi, ωs, ωi) ∝ δ(ωs + ωi − ωp)v (qs + qi) , (1)
where v(q) is the angular spectrum of the pump beam. We model a thin diffuser placed at
the plane of the nonlinear crystal as an amplitude transfer function of the form Ad(ρ, ω) =
exp(ih(ρ)(n− 1)ω/c), where ρ is the transverse spatial coordinate, n is the refractive index of
the diffuser which is assumed to be weakly dependent on frequency, c is the speed of light in
vacuum and h(ρ) is the position dependent thickness of the diffuser. The rate of coincidence
events between photons with transverse wavevectors qs,i and frequencies ωs,i is then given
by[14]
C(qs,qi, ωs, ωp − ωs) ∝
∣∣∣∣∫ dρW (ρ)Ad(ρ, ωs)Ad(ρ, ωp − ωs) exp(−iρ · (qs + qi))∣∣∣∣2 (2)
where W (ρ) is the profile of the pump beam at the nonlinear crystal, and ωi = ωp−ωs must
hold for any non-zero coincidence rate. Interestingly, as Ad(ρ, ωp) = Ad(ρ, ωs)Ad(ρ, ωp−ωs),
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the coincidence rate corresponds to the intensity of the pump beam in the direction q = qi +
qs. As the correspondence between the quantum correlations and the intensity of the pump
beam holds for any pump profile W (ρ) (Eq.2), by optimizing the shape of the classical pump
beam, the scattering of the entangled photons is simultaneously compensated, regardless of the
frequency separation between them. It is worth noting that pump-shaping techniques were also
recently employed for controlling the output beams in second harmonic generation[21–24].
For non-collinear configurations, one can simply consider the case of non-zero qi in Eq.2.
For a thin diffuser, the shape of the output speckle pattern is independent of the incident an-
gle, therefore by focusing the pump beam at q = 0, the coincidence rate will be localized at
qs = −qi. For thick scattering media, the scattering properties are in general angle dependent.
However, there is always a finite range of angles for which the shape of the output speckle pat-
tern remains unchanged, called the memory range or isoplanatic patch[15, 16]. Therefore, for
a general diffuser, the optimization of the pump beam will simultaneously optimize the quan-
tum correlations between the entangled photons, as long as their emission is within the angular
range dictated by the memory effect or isoplanatic patch.
The experimental setup is presented in fig.1. A continuous-wave laser (404nm, 50mW ) is
shaped using a phase-only SLM. The shaped pump beam is imaged onto a 2mm long nonlinear
PPKTP crystal, generating spatially entangled photons via SPDC. Both the entangled photons
and the classical pump beam are then imaged onto a thin polymer-on-glass diffuser (divergence
angle 0.25o). The pump beam and the entangled photons are separated using a dichroic mir-
ror, and measured at the far-field using an CMOS camera and filtered single-photon detectors,
respectively. Coincidence measurements are performed by scanning the position of the signal
detector, while keeping the idler detector stationary.
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Figure 1: Experimental setup. Entangled photons are generated via spontaneous parametric
down conversion by pumping an PPKTP nonlinear crystal with a 404nm pump beam. Both
the pump beam and the entangled photons are imaged onto a thin diffuser. Interference filters
are placed before the single photon detectors (F1, F2). Either two bandpass filters centered at
λi = λs = 808nm or λi = 766nm and λs = 850nm are used for the degenerate and non-
degenerate cases respectively. The full width at half maximum of the filters is approximately
10nm. A phase-only spatial light modulator is used for tailoring the wavefront of the pump
beam to compensate the scattering induced by the thin diffuser.
First, we consider the case of non-collinear SPDC. The temperature of the PPKTP crystal
is set such that non-collinear phase matching is obtained, which is manifested in a ring-shaped
single photon counts distribution at the far-field (fig.2a). Before the optimization, the coinci-
dence pattern exhibits a two-photon speckle pattern due to scattering induced by the diffuser[25]
(fig.2b), where the signal detector scans positions (white square) around the symmetric point to
the stationary idler detector (black cross). Then, using the SLM and the partitioning optimizing
algorithm[26], the pump beam is re-focused at the far-field, and the quantum correlations are
simultaneously enhanced (fig.2c). In this measurement, 10nm wide interference filters centered
around 808nm are used. This result demonstrates the applicability of the pump optimization
approach for quantum wavefront shaping with non-collinear SPDC.
Next, we consider the case of non-degenerate SPDC. In this experiment, the temperature of
the crystal is set for a collinear phase matching, yet a non-degenerate configuration is measured
as well, where the idler photon is filtered using a 13nm wide filter centered at 766nm, and
the signal photon using a 10nm wide filter centered at 850nm. A clear similarity between the
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Figure 2: Non-collinear SPDC. (a) Far-field single photon counts with non-collinear phase
matching. The positions of the stationary idler detector and the scanning area of the signal de-
tector are marked with a black cross and a white square, respectively. (b) Without optimization,
the coincidence rate features a two-photon speckle pattern. (c) By optimizing the intensity of
the pump beam (not shown), the quantum correlations are simultaneously localized.
speckle pattern of the pump beam (fig.3a) and the two-photon speckle patterns is observed in
both the degenerate (fig.3b) and non-degenerate (fig.3c) configurations, in agreement with Eq.2.
The lower signal to noise ratio in the non-degenerate case is a result of the lower signals associ-
ated with the measured wavelengths, together with a reduction by a factor of two caused by the
use of a simple beam splitter rather than a dichroic mirror to separate the non-degenerate entan-
gled photons. By compensating the scattering of the classical pump beam (fig.3d), the quantum
correlations between both the frequency degenerate (fig.3e) and non-degenerate (fig.3f) entan-
gled photons are optimized.
It is interesting to note that while all three speckle patterns are similar in shape, they exhibit
different scales due to their different associated wavelengths. The two-photon speckle pattern
of the degenerate 808nm photons is twice as large compared with that of the 404nm pump
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beam[14]. For the non-degenerate case, the question of scale is more interesting, as in principal
one has both the wavelengths of the signal and idler photons to consider. However, although
this effect is too subtle to be appreciated in our measurements, by looking at Eq.2 one can see
that the scale of the coincidence pattern is only determined by the wavelength measured by the
scanning detector, which is 850nm in our case. Thus, in contrast to the degenerate case, the
scale on the coincidence pattern is dependent on which of the two detectors is scanning and
which is stationary.
Figure 3: Non-degenerate SPDC. Similar speckle patterns are observed for the intensity of
the pump beam (λp = 404nm) (a) and the quantum correlations between the degenerate (λi =
λs = 808nm) (b) and non-degenerate (λi = 766nm, λs = 850nm) (c) entangled photons. By
optimizing the intensity of the pump beam using classical wavefront shaping (d), the scattering
of the degenerate (e) and non-degenerate (f) entangled photons is compensated as well.
In conclusion, we have demonstrated the applicability of quantum wavefront shaping with
the recently proposed pump-based approach, for non-collinear and non-degenerate entangled
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photons. We have shown that for non-collinear configurations, the feedback provided by the
classical pump beam can still be used, given that the emission angle of the SPDC light is within
the range allowed by the memory effect or the isoplanatic patch. For entangled photons having
non-degenerate frequencies, we have shown that due to energy conservation in SPDC, the in-
tensity of the pump beam can be used as feedback for optimizing the quantum correlations in
this case as well. We experimentally demonstrated the optimization of non-degenerate entan-
gled photons separated by nearly 100nm. These results pave the way towards implementation
of wavefront shaping techniques in a wide variety of configurations. In particular, non-collinear
SPDC configurations can be used for various satellite-based QKD schemes, where the addition
of quantum wavefront shaping technology could help mitigate the effect of scattering induced
by the atmosphere[27, 28]. In addition, we believe that the ability to compensate the scattering
of large-bandwidth SPDC could be important for recent protocols relying on spectral multiplex-
ing for increasing the capacity of QKD links[17].
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